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HIGHLIGHTS 


GRAPHICAL  ABSTRACT 


►  Tin  and  graphite  mixture  and 
nanocomposites  have  been  synthe¬ 
sized  by  high  energy  mechanical 
milling  (HEMM). 

►  Mechanically  milling  results  in 
nanocrystalline  nanocomposites. 

►  The  mechanically  milled  nano¬ 
composites  exhibit  stable  capacities 
of  ~410  mAh  g-1. 

►  Electrochemical  response  varies 
with  duration  of  mechanical  milling. 

►  Good  electrochemical  response  of 
the  nanocomposite  is  due  to  struc¬ 
tural  stability. 
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Pure  tin  (Sn)  and  a  homogeneous  nanocomposite  of  tin  and  graphite  (C),  denoted  as  Sn/C,  have  been 
studied  as  a  suitable  anode  for  sodium  ion  batteries.  The  Sn/C  nanocomposites  have  been  synthesized  by 
high  energy  mechanical  milling  (HEMM)  of  pure  Sn  and  graphite  of  nominal  composition  C-70  wt.%  Sn. 
Pure  microcrystalline  Sn  (<44  pm)  exhibits  a  1st  discharge  capacity  ~856  mAh  g-1  which  is  close  to  the 
expected  theoretical  capacity,  however,  it  shows  a  large  1st  cycle  irreversible  loss  (~67%)  and  the 
anticipated  inevitable  rapid  fade  in  capacity  expectedly  due  to  structural  failure  of  the  electrode.  On  the 
other  hand,  the  resultant  Sn/C  based  nanocomposite,  synthesized  by  HEMM  after  lh  of  milling,  exhibits 
a  1st  cycle  discharge  capacity  ~584  mAh  g-1  with  a  1st  cycle  irreversible  loss  ~30%.  The  Sn/C  nano¬ 
composite  shows  a  1st  cycle  charge  capacity  of  ~410  mAh  g-1  with  improved  capacity  retention  in 
comparison  to  pure  Sn  displaying  0.7%  fade  in  capacity  per  cycle  up  to  20  cycles  when  cycled  at  a  rate  of 
~C/8.  Scanning  electron  microscopy  (SEM)  analysis  indicates  that  the  structural  integrity  and  micro- 
structural  stability  of  the  Sn/C  nanocomposite  during  the  alloying/dealloying  processes  appear  to  be  the 
primary  factors  contributing  to  the  good  cyclability  observed  in  the  above  HEMM  derived  nanocomposite 
suggesting  its  promise  as  a  potential  anode  for  Na-ion  systems. 
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1.  Introduction 

Renewable  energy  sources  such  as  solar,  wind,  geothermal  and 
hydropower  can  generate  electricity  without  producing  carbon 
dioxide,  the  undesirable  green  house  pollutant.  Hence  these 
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systems  portend  enormous  potential  for  meeting  the  future  energy 
demands  [1—3].  However,  the  electricity  generated  from  these 
intermittent  renewable  sources  requires  efficient  electrical  energy 
storage  (EES)  devices  for  effective  delivery  of  uninterrupted  elec¬ 
tricity  (power  storage  back  up)  and  load  leveling  as  well  as  grid 
energy  storage  [1-4].  In  addition,  there  is  a  tremendous  global 
impetus  for  improved  EES  devices  so  that  smooth  transition  from 
the  current  hybrid  electric  vehicle  state  to  that  of  the  much  touted 
plug-in  hybrids  and  the  highly  desired  all-electric  vehicles  (EVs)  is 
ultimately  realized  [1-4].  Chemical  energy  storage  technologies 
based  on  rechargeable  batteries  are  considered  one  of  the  leading 
EES  technologies  to  meet  this  target  offering  the  much  desired 
panacea  for  both  electric  vehicles  as  well  as  stand-alone  stationary 
power  systems  [1-6].  Currently  Li-ion  batteries  are  the  preferred 
much  sought  after  rechargeable  battery  systems  for  most  electronic 
devices  and  hybrid  cars  [1—10].  However,  in  the  last  few  years, 
a  variety  of  factors  have  led  to  considerable  interest  in  Na-ion 
batteries  employing  Na+  to  reversibly  store  power  in  a  compact 
system  offer  a  compelling  economical  solution  for  electrical  energy 
storage  [11—15].  In  contrast  to  the  Li-ion  system  that  has  been 
researched  extensively  over  the  last  two  decades  following  its 
commercialization  by  Sony  in  1990,  Na-ion  battery  is  still  in  a  very 
much  in  the  developmental  research  phase.  Nevertheless,  it  has 
become  a  target  of  much  debate  of  late,  and  is  forecasted  to  be 
a  cheaper  (cost  equivalent  of  dollars  for  bulk  metal:  Na:  0.075,  Li: 
0.50),  more  durable  option  to  store  energy  compared  to  the  hitherto 
used  Li-ion  batteries  [11—15].  Moreover,  Li  is  relatively  in  less 
abundance  ( -  0.0007%  by  weight  of  the  earth’s  crust),  whereas  Na  is 
much  more  copiously  available  (-2.6%  by  weight  of  the  earth’s 
crust)  [11—16].  Na-ion  is  also  chemically  more  stable  compared  to  Li- 
ion  battery  and  more  environmentally  benign.  Consequently  large- 
scale  Na-ion  EES  device  have  the  potential  to  be  easier  to  engineer 
and  pose  less  safety  concerns  [11-15,17,18].  If  the  evolution  of  Li-ion 
and  Na-ion  batteries  is  assumed  to  follow  a  similar  trajectory,  it  is 
likely  that  Na-ion  batteries  will  soon  emerge  an  attractive  alterna¬ 
tive  front  runner  due  to  the  low  cost,  larger  abundance  and  other 
environmental  combined  with  socio-economic  attributes. 

In  order  for  Na-ion  to  compete  with  the  much  researched  Li-ion 
systems,  considerable  improvement  in  energy  density  and  rate 
capability  along  with  performance  is  required  before  sodium/liquid 
organic  electrolyte  batteries  can  be  considered  for  practical  use  as 
EES  devices.  Identification  of  suitable  cathodes  and  anodes  which 
can  exhibit  high  specific  capacity,  low  irreversible  loss,  high 
coulombic  efficiency  and  long  cycle  life  as  well  as  can  intercalate/de- 
intercalate  Na+  at  potential  above  -  3  V  for  cathode  and  -  0.01  -1  V 
for  anode  of  Na/Na+  will  be  a  paradigm  shift  in  the  development  of 
high  energy  density  Na-ion  rechargeable  batteries  for  EES  systems. 
These  systems  will  support  rapid  transition  to  EVs  as  well  as  wind 
and  solar  energy,  distributed  energy  systems,  or  ‘smart’  grid  oper¬ 
ations.  In  addition,  fundamental  studies  of  alloying/dealloying 
mechanism  of  Na+  with  metal  alloy  anodes  and  ceramic  cathodes 
will  provide  valuable  information  for  designing  new  systems.  There 
is  therefore  a  critical  need  for  significant  research  to  be  conducted  in 
the  Na-ion  battery  area,  particularly  related  to  identification  of  new 
materials  and  chemistries  while  also  developing  cost  effective 
approaches  to  generate  these  systems  to  achieve  the  much  desired 
radical  improvements  in  energy  and  power  densities.  Few  studies  of 
candidate  negative  electrodes  for  Na-ion  battery  can  be  found  in  the 
current  scientific  literature  [11,19-25].  It  is  now  well  known  that 
graphite  and  silicon  though  well  established  in  the  case  of  the 
former  and  the  latter  very  much  researched  for  Li-ion,  however 
cannot  be  used  as  a  negative  electrode  for  Na-ion  systems  since  Na 
atoms  do  not  reversibly  alloy/dealloy  to  form  Na-C  or  Na-Si  alloys 
similar  to  the  Li  counterpart  (e.g.  LiC6  or  Li44Si,  respectively)  [24,26]. 
Recent  reports  suggest  the  identification  of  nanoporous  hard 


carbons  as  possible  negative  electrode  materials,  wherein  Na  atoms 
apparently  adsorb  instead  of  alloying  onto  the  surfaces  or  nano- 
scopic  pores  throughout  the  hard  carbon  particles  [19-23].  Doeff 
et  al.  [20]  showed  that  insertion  of  Na  into  petroleum-coke  leads  to 
a  reversible  capacity  -85  mAh  g_1  and  proved  the  feasibility  of 
a  rechargeable  Na-ion  battery  with  the  selection  of  appropriate 
electrode  materials.  Several  researchers  [19-23]  have  studied  the 
electrochemical  absorption  of  Na  into  some  hard  carbon  structures 
and  found  that  a  reversible  capacity  -  250-300  mAh  g-1  could  be 
achieved.  Such  carbons  appear  to  be  suitable  anodic  materials  for 
rechargeable  Na-ion  batteries,  however,  deposited  Na  metal  on  C 
surfaces  or  nanopores  appears  to  form  dendrites  similar  to  Li  and  its 
safety  is  further  questionable  due  to  its  low  melting  point  of  97.7  °C 
compared  to  180.5  °C  for  Li.  Chevrier  and  Ceder  [24]  recently 
examined  theoretically  the  viability  of  Na-ion  negative  electrode 
materials  based  on  Na  alloys  (Na-Si,  Na-Sn  and  Na-Pb  system)  in 
terms  of  volumetric  energy  density  and  mechanical  stability.  They 
have  reported  the  formation  of  different  Na-Sn  alloys  (NaSn5,  NaSn, 
NagSn4  and  NaisSn4)  in  the  potential  window  of  0-0.7  V  associated 
with  large  volume  expansion.  The  calculated  volume  expansion  of 
different  Na-Sn  alloys  with  respect  to  Sn  along  with  the  theoretical 
specific  capacity  (mAh  g-1)  associated  with  the  formation  of  the 
respective  phases  is  tabulated  in  Table  1.  It  should  be  noted  that 
although  these  Na-Sn  phases  appear  to  be  similar  to  Li-Sn  Zintl 
type  phases,  it  is  not  clear  at  present  if  all  of  the  Na-Sn  phases 
exhibit  characteristics  of  an  intermetallic  or  Zintl  type  phase.  Hence 
both  terminologies  have  been  used  to  indicate  all  of  the  alloys  in  the 
Na-Sn  system.  Komaba  et  al.  [25]  has  reported  a  1st  cycle  discharge 
and  1st  cycle  charge  capacity  -878  mAh  g-1  and  -758  mAh  g-1, 
respectively,  of  Sn-polyacrylic  acid  electrode  with  rapid  fade  in 
capacity  when  cycled  in  the  potential  window  0-1.5  V.  On  the  other 
hand,  SnSb/C  nanocomposite  has  been  reported  to  exhibit 
a  reversible  capacity  -540  mAh  g-1  with  80%  capacity  retention 
after  50  cycles  [11].  In  spite  of  the  above  reports,  Na-Sn  alloys  as 
negative  electrodes  have  yet  to  be  extensively  studied  experimen¬ 
tally  in  order  to  improve  the  long-term  cyclability,  coulombic  effi¬ 
ciency  and  specific  capacity  for  future  applications  in  EES  devices.  In 
the  present  study,  a  homogeneous  mixture  based  on  tin  and 
graphite  (Sn/C)  has  been  studied  as  a  negative  electrode  for  Na-ion 
batteries.  To  demonstrate  efficacy,  Sn/C  nanocomposite  have  been 
prepared  by  high-energy  mechanical  milling  (HEMM)  for  different 
duration  of  milling.  In  order  to  compare  the  electrochemical  results 
of  Sn/C  with  pure  microcrystalline  Sn,  the  electrochemical  proper¬ 
ties  of  pure  microcrystalline  Sn  alone  has  also  been  studied.  Results 
of  these  preliminary  studies  have  been  documented  in  the  present 
manuscript  indicating  feasibility  of  this  system  as  a  potential  anode 
for  use  in  Na  batteries. 

2.  Experimental  details 

Mixtures  of  elemental  powders  of  synthetic  graphite  (Aldrich, 
1—2  pm)  and  Sn  (Alfa  Aesar,  -325  mesh,  <44  pm)  of  nominal 

Table  1 

Intermetallic  sodium  stannide  (Zintl  phases)  with  their  molar  volume  (Vm)  and  the 
volume  expansion  (Vm  -  VsnJ/Vsn  per  mole  of  Sn  with  the  theoretical  capacity 
(mAh  g-1)  associated  with  the  formation  of  respective  phases  by  alloying  of  sodium 
with  tin. 


Intermetallics 

Vm  (cm3  mol  1) 

(Vm  -  Vsn)/Vs„  (%) 

Gravimetric 
capacity 
(mAh  g"1) 

NaSn5 

-21.0 

-28% 

-45 

NaSn 

-35.8 

-120 

-226 

Na9Sn4 

-56.74 

-248 

-508 

Nai5Sn4 

-85.40 

-424 

-847 

Vsn  is  the  molar  volume  of  Sn  ( -  16.30  cm3  mol  1). 
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composition  C-70  wt.%  Sn  were  subjected  to  high  energy 
mechanical  milling  (HEMM)  in  a  high  energy  shaker  mill  (SPEX 
CeriPrep  8000M)  for  5  min  and  1  h  in  a  stainless  steel  (SS)  vial  using 
20  SS  balls  of  2  mm  diameter  ( -  20  g)  with  a  ball  to  powder  weight 
ratio  of  10:1.  Graphite  (-0.6  g)  and  Sn  (-1.4  g)  were  batched  in 
a  SS  vial  in  an  argon  filled  glove  box  (MBraun  Unilab  Work 
station(  1200/780))  in  order  to  prevent  oxidation  of  the  reactive 
powders  during  milling. 

In  order  to  perform  qualitative  phase  analysis,  the  milled  powders 
were  characterized  by  X-ray  diffraction  (XRD)  using  the  Philips 
PW1830  system  employing  the  CuKa  (A  =  0.15406  nm)  radiation.  The 
micro  structure  the  electrode  before  and  after  electrochemical  cycling 
has  been  carried  out  using  a  scanning  electron  microscope  (SEM) 
equipped  with  energy  dispersive  x-ray  analysis  (EDAX).  Philips  XL- 
30FEG  equipped  with  an  EDS  detector  system  comprised  of  an 
ultrathin  beryllium  window  and  Si(Li)  detector  operating  at  25  kV  was 
employed  for  the  secondary  electron  (SE)  image.  Micro-Raman 
analyses  of  the  Sn/C  mixture  and  nanocomposite  have  been  per¬ 
formed  on  a  multichannel  Renishaw  InVia  Raman  microscope.  Exci¬ 
tation  was  provided  by  the  -  633  nm  line  of  a  diode  laser. 

In  order  to  evaluate  the  electrochemical  characteristics,  elec¬ 
trodes  were  fabricated  by  mixing  80  wt.%  of  the  active  powder 
of  -325  mesh  and  10  wt.%  Super  P  carbon  black.  A  solution  con¬ 
taining  10  wt.%  polyvinylidene  fluoride  (PVDF)  in  N-methyl- 
pyrrolidinone  was  added  to  the  mixture  to  make  a  homogeneous 
solution.  The  as  prepared  solution  was  coated  onto  a  Cu  foil  and 
dried  at  110  °C  in  a  vacuum  oven.  A  2016  coin  cell  design  was  used 
employing  sodium  foil  as  the  counter  electrode,  electrodes 
comprising  materials  currently  under  study  as  the  working  elec¬ 
trode  and  1  M  NaC104  in  ethylene  carbonate/dimethyl  carbonate 
(EC/DMC  =  1:2  in  volume)  as  the  electrolyte.  All  the  cells  tested  in 
this  study  were  cycled  at  room  temperature  ( —  298  I<)  within  0.01- 
1.2  V  employing  the  discharge/charge  rates  of  -50  mA  g-1  with 
a  minute  rest  period  between  the  charge/discharge  cycles  using 
a  multichannel  battery  testing  system  (Arbin  BT2000  instrument). 

3.  Results  and  discussion 

Fig.  1  shows  the  variation  of  specific  capacity  vs.  cycle  number  of 
pure  microcrystalline  Sn  (<44  pm)  cycled  at  a  rate  of  -50  mA  g  1 
in  the  potential  window  0.01—1.2  V.  As  shown  in  Fig.  1,  pure  Sn 
shows  a  1st  discharge  capacity  -856  mAh  g-1  which  is  close  to  the 
theoretical  capacity  (-847  mAh  g-1)  corresponding  to  the 


Fig.  1.  Specific  capacity  vs.  cycle  number  of  pure  microcrystalline  Sn  (<44  pm)  cycled 
at  a  constant  current  of  -50  mA  g_1  in  the  potential  window  0.01—1.2  V. 


Fig.  2.  Differential  capacity  vs.  cell  potential  curves  of  pure  microcrystalline  Sn  ob¬ 
tained  after  1st  cycle  cycled  at  -50  mA  g_1  in  the  potential  window  0.01-1.2  V. 

formation  of  Nai5Sn4  intermetallic  or  amorphous  phase  of 
composition  Na-21at.%  Sn  (see  Table  1).  The  observed  1st  discharge 
capacity  in  the  present  study  is  also  in  good  agreement  with  the 
previous  reports  [11,25].  The  differential  capacity  plot  (dQ/dl/vs.  V) 
relating  to  the  1st  cycle  of  pure  Sn,  shown  in  Fig.  2,  clearly  shows 
that  the  alloying  reaction  (discharge)  of  Na  ion  with  microcrystal¬ 
line  Sn  occurs  mainly  at  a  peak  potential  of  -0.18  V,  -  0.081  V 
and  -  0.033  V  with  an  onset  potential  of  -0.21  V,  -0.13  V 
and  -0.063  V,  respectively.  In  the  present  study,  the  phase/es 
forming  corresponding  to  the  peak  potential  of  -0.18  V,  -0.081  V 
and  -0.033  V  has  been  denoted  as  X-I,  X-II  and  X-III, 
respectively.  The  reaction  potential  and  the  associated  specific 
capacity,  calculated  from  the  deconvolution  of  the  peaks,  related  to 
X-I,  X-II  and  X-III  phase  formation  is  tabulated  in  Table  2.  The 
composition  of  the  X-I,  X-II  and  X-III  phases,  estimated  based  on 
the  associated  specific  capacity  of  the  respective  phases  related  to 
the  number  of  reacting  sodium  ions,  is  correspondingly  close  to  Na- 
50at.%  Sn  (NaSn),  Na-30.7%  Sn  (Na9Sn4)  and  Na-21at.%  Sn  (Nai5Sn4), 
respectively.  However,  pure  Sn  shows  a  1st  charge  capacity  of 
-280  mAh  g-1  with  an  irreversible  loss  of  -67%  (Fig.  1)  which  is 
expected  to  arise  due  to  the  structural  failure  of  Sn  particles  and/or 
irreversible  alloying/dealloying  processes  of  Sn  with  Na  very  similar 
to  what  is  known  in  Li  alloying  with  Si  [7,26].  The  differential 
capacity  plot  of  1  st  charge,  shown  in  Fig.  2,  show  that  the  dealloying 
reaction  (charge)  of  Na  ion  from  X-III  phase  occurs  only  at  a  peak 
potential  of  —0.17  V  with  an  onset  potential  of  —0.065  V  which 
suggest  that  the  alloying  and  dealloying  reaction  of  pure  micro¬ 
crystalline  Sn  with  Na  ion  is  irreversible  in  nature.  The  differential 
capacity  plot  of  2nd  cycle  of  pure  Sn,  shown  in  Fig.  3,  shows  that  the 
formation  of  X-I  and  X-II  phase  observed  during  the  1  st  discharge 
(Fig.  2)  is  bypassed  in  the  2nd  cycle.  The  detailed  phase  formation 
and  transformation  during  electrochemical  alloying/dealloying 
processes  of  Na  ion  with  Sn  is  currently  under  investigation  and  will 
be  published  very  shortly.  The  SEM  images  of  pure  microcrystalline 


Table  2 

Reaction  potential  (V)  and  associated  specific  capacity  (mAh  g-1)  of  different 
intermetallics  (Zintl  phases)  form  during  alloying  of  Na  ion  with  pure  Sn. 


Reaction  potential 
window  (V) 

Peak 

potential  (V) 

Associated  specific 
capacity  (mAh  g-1) 

Intermetallic 

~0.21-0.13 

-0.18 

-215 

X-I  (NaSn) 

-0.13 - 0.063 

-0.081 

-260 

X-II  (Na9Sn4) 

~0.063V-0.01V 

-0.033 

-325 

X-III  (Na15Sn4) 
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Fig.  3.  Differential  capacity  vs.  cell  potential  curves  of  pure  microcrystalline  Sn  ob¬ 
tained  after  2nd  cycle  cycled  at  ~50  mA  g-1  in  the  potential  window  0.01-1.2  V. 
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Sn  before  cycling  and  after  the  10th  cycle,  shown  in  Fig.  4a,  b, 
respectively,  shows  clear  evidence  of  structural  failure  of  the  cycled 
Sn.  The  mechanical  failure  of  pure  Sn  during  the  alloying/dealloying 
processes  is  expected  to  arise  due  to  the  large  volume  expansion 
(-420%)  occurring  during  alloying  of  Sn  with  Na  to  form  NaisSn4 
(Table  1),  and  as  a  result,  loss  of  electrical  contact  between  the 
cracked  and  isolated  Sn  particles,  and  the  current  collector  as  is 
evident  in  the  case  of  elemental  Si  when  cycled  with  Li+  [7,26]. 

In  order  to  improve  the  structural  integrity  and  cyclability  of  Sn 
based  anode,  a  homogeneous  mixture  based  on  Sn  and  graphite  has 
been  synthesized  by  high  energy  mechanical  milling  milled  for 
different  duration.  The  mechanical  properties,  and  as  a  result  the- 
structural  stability  of  Sn/C  nanocomposite  is  expected  to  be 
improved  due  to  the  presence  of  graphitic  buffer  matrix.  After 
5  min  and  1  h  of  mechanical  milling  of  Sn  and  graphite  of  nominal 
composition  C-70  wt.%  Sn,  the  XRD  pattern,  shown  in  Fig.  5,  shows 
only  the  presence  of  pure  Sn  and  graphite  without  the  formation  of 
any  second  phase  or  oxidation  of  Sn  to  SnC^.  This  result  clearly 
suggests  that  graphite  and  Sn  form  a  homogeneous  mixture  up  to 
1  h  of  milling  without  any  significant  diffusive  reaction  to  form 
a  second  phase  as  also  expected  from  the  equilibrium  phase 
diagram  which  shows  immiscibility  of  Sn  and  C  due  to  the  positive 


20  (deg.) 


Fig.  5.  XRD  patterns  of  C-70  wt.%  Sn  homogeneous  mixture  generated  after  5  min  and 
1  h  of  milling. 


heat  of  reaction  [27].  The  effective  crystallite  size  of  Sn  obtained 
after  1  h  of  milling,  calculated  using  the  Scherrer  formula  from  the 
integral  breadth  of  the  Lorentzian  contribution  determined  from 
the  peak  profile  analysis  using  single  line  approximation  method 
after  eliminating  the  instrumental  broadening  and  lattice  strain 
contribution  [28,29],  is  —  90  nm,  whereas  the  crystallite  size  of  Sn 
after  5  min  of  milling  is  still  in  the  micron  range  suggesting  that 
FIEMM  for  1  h  results  in  the  formation  of  a  nanocomposite  of  Sn  and 
C.  On  the  other  hand,  the  calculated  crystallite  size  of  graphite  after 
5  min  and  1  h  of  milling  is  —  47  nm  and  —17  nm,  respectively.  In 
order  to  investigate  the  structural  order/disorder  nature  of  graphite 
and  the  possible  presence  of  Sn02,  Raman  spectroscopy  analysis  of 
Sn/C  obtained  after  1  h  of  milling  has  been  carried  out.  The  Raman 
spectra  of  Sn/C,  displayed  in  Fig.  6  along  with  pure  graphite,  show 
peaks  at  -1580  cm-1  and  -1334  cm-1  which  corresponds  to 
ordered  graphite  (G  band)  and  the  disordered  carbon  (D  band)  [30]. 
The  intensity  of  D  band  of  disordered  carbon  appears  to  increase  in 
the  Sn/C  nanocomposite  in  comparison  to  graphite  which  clearly 
suggests  that  the  crystalline  graphite  structure  collapses  to  form  an 
amorphous  disordered  form  due  to  the  defect  induced  melting  of 


Fig.  4.  SEM  secondary  electron  image  of  pure  Sn  (a)  before  and  (b)  after  10th  cycle. 
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crystalline  graphite  which  is  commonly  observed  during  HEMM 
[29,31].  No  significant  peaks  of  crystalline  Sn02,  normally  seen  as 
characteristic  sharp  peaks  at  -474  cm-1,  -632  cm-1,  -774  cm-1 
corresponding  to  the  Eg,  and  B2g  vibration  modes  [32]  are 
observed  which  suggests  no  oxidation  of  Sn  to  Sn02  during  the 
milling  process. 

Fig.  7  shows  the  variation  of  specific  capacity  vs.  cycle  number 
along  with  coulombic  efficiency  of  the  Sn/C  mixture  synthesized 
after  5  min  of  milling,  cycled  at  a  constant  current  of  -  50  mA  g-1  in 
the  potential  window  0.01—1.2  V.  As  shown  in  Fig.  7,  the  1st 
discharge  and  1st  charge  capacity  of  the  Sn/C  mixture  obtained 
after  5  min  of  milling  is  —  621  mAh  g  1  and  —  462  mAh  g  \ 
respectively,  with  a  1st  cycle  irreversible  loss  of  -25%  and  the 
coulombic  efficiency  in  excess  of  —97%  after  the  1st  cycle.  This 
result  clearly  suggests  that  the  presence  of  graphite  as  a  matrix  in 
the  Sn/C  mixture  improves  the  structural  stability  of  Sn/C  in 
comparison  to  pure  Sn  during  the  alloying/dealloying  processes 
with  Na.  However,  a  rapid  fade  in  capacity  (3.6%  per  cycle)  is 
observed  (Fig.  7)  which  suggests  that  HEMM  of  Sn  and  C  for  5min  is 
not  sufficient  to  generate  a  strong  interfacial  bonding  in  order  to 
improve  the  mechanical  properties  and  structural  integrity  of  Sn/C 
for  long  cycle  life.  The  differential  capacity  plot  (dQ/dV  vs.  V) 


voltage  (V) 

Fig.  8.  Differential  capacity  vs.  cell  potential  curves  of  Sn/C  after  5  min  of  milling 
obtained  after  1st  and  3rd  cycles  cycled  at  ~  50  mA  g_1  in  the  potential  window  0.01- 
1.2  V. 

relating  to  the  1  st  cycle  and  3rd  cycle  of  Sn/C  mixture  obtained  after 
5  min  of  milling,  shown  in  Fig.  8,  clearly  indicates  that  the  alloying 
reaction  ( 1  st  discharge)  of  Na  ion  with  Sn/C  occurs  mainly  at  a  peak 
potential  of  —0.15  V,  —0.062  V  and  —0.021  V  which  is  similar  to 
pure  microcrystalline  Sn  (Table  2).  However,  the  differential 
capacity  plot  of  1st  and  3rd  charging  processes,  shown  in  Fig.  8, 
indicates  that  the  dealloying  reaction  (charge)  of  Na  ion  from  X-III 
phase  occurs  at  peak  potentials  of  -0.17  V,  -0.28  V  and  -0.55  V 
whereas  the  desodiation  of  pure  microcrystalline  Sn  occurs  only 
at  -0.17  V  (Fig.  2).  This  result  clearly  suggests  that  the  alloying  and 
dealloying  reaction  of  Sn/C  with  Na  is  reversible  in  nature. 
Furthermore,  these  results  suggest  that  the  milling  reaction  of  Sn 
with  C  probably  alters  the  surface  and  bulk  structure  of  Sn. 

On  the  other  hand,  the  nanocrystalline  Sn/C  nanocomposite 
mixture  obtained  after  1  h  of  milling  shows  a  1st  discharge  and 
a  1st  charge  capacity  of  -584  mAh  g_1  and  -410  mAh  g-1, 
respectively,  with  an  irreversible  loss  of  -29%  (Fig.  9)  and 
coulombic  efficiency  above  97%  after  the  1st  cycle  when  cycled  at 
an  identical  current  of  50  mA  g-1  in  the  potential  window  0.01  — 
1.2  V.  The  1st  cycle  irreversible  loss  may  arise  due  to  the  electro¬ 
lyte  decomposition  at  the  electrode  surface  resulting  in  the 
formation  of  a  solid  electrolyte  interphase  (SEI)  layer  and  is  not 
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Fig.  7.  Specific  capacity  and  coulombic  efficiency  vs.  cycle  number  of  Sn/C  obtained 
after  5  min  of  milling  cycled  at  a  constant  current  of  ~50  mA  g_1  in  the  potential 
window  0.01-1.2  V. 


Fig.  9.  Specific  capacity  and  coulombic  efficiency  vs.  cycle  number  of  Sn/C  obtained 
after  1  h  of  milling  cycled  at  a  constant  current  of  ~  50  mA  g-1  in  the  potential  window 
0.01-1.2  V. 
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Fig.  10.  SEM  micrograph  of  Sn/C  mixture,  obtained  after  1  h  of  HEMM,  before  and  after  20  cycles. 


indicative  of  an  irreversible  nature  of  the  Na-Sn/C  reaction. 
However,  a  detailed  study  needs  to  be  performed  to  understand  the 
actual  mechanisms  involved  in  the  formation  of  the  SEI  and  the 
influence  of  Na+  on  the  formation  of  the  SEI.  In  comparison  to  pure 
Sn  and  the  Sn/C  mixture  obtained  after  5  min  of  milling,  the  Sn/C 
nanocomposite  obtained  after  1  h  of  milling  shows  improvement  in 
cyclability  up  to  20  cycles  with  a  fade  in  capacity  of  -0.7%  loss  per 
cycle.  This  improvement  in  the  cyclability  of  Sn/C  mixture  with 
increasing  milling  time  is  expected  due  to  the  likely  improvement 
in  the  mechanical  properties  of  the  Sn/C  mixture  arising  from  the 
better  interface  adhesion  and/or  bonding  between  the  Sn  and  C 
with  increasing  milling  time  which  is  expected  to  relieve  the  stress/ 
strain  experienced  by  Sn  to  the  C  buffer  layer  during  the  alloying/ 
dealloying  reaction  with  sodium  ion.  The  improvement  in  cycla¬ 
bility  also  may  arise  due  to  the  nanocrystalline  nature  of  Sn 
(  —  90  nm)  and  graphite  which  is  known  to  exhibit  better 


Fig.  11.  Differential  capacity  vs.  cell  potential  curves  of  Sn/C  nanocomposite  derived 
after  the  1  h  of  milling  obtained  after  1st  cycle  and  third  cycle  cycled  at  —  C/8  rate  in 
the  potential  window  0.01-1.2  V. 


mechanical  properties  in  comparison  to  the  Sn  and  C  counterparts 
in  the  coarser  grained  bulk  structures.  The  SEM  micrograph  of  the 
Sn/C  electrode  samples  cycled  at  -50  mA  g_1,  shown  in  Fig.  10, 
indicates  the  excellent  structural  integrity  (devoid  of  any  cracks)  of 
the  electrode  even  after  20  cycles.  The  differential  capacity  plot 
{dQJdV  vs.  V)  relating  to  the  1st  cycle  and  3rd  cycle  of  nano¬ 
crystalline  Sn/C  composite  obtained  after  1  h  of  milling  cycled  at 

-  50  mA  g-1  is  shown  in  Fig.  11.  It  is  clearly  evident  from  Fig.  11  that 
the  alloying  reaction  (discharge)  of  Na  ion  with  nanocrystalline  Sn/ 
C  obtained  after  1  h  of  milling  occurs  mainly  at  a  peak  potential  of 

-  0.376  V  and  -  0.0374  V  which  suggest  that  the  alloying  reaction 
of  nanocrystalline  Sn/C  obtained  after  1  h  of  milling  is  thus  different 
in  comparison  to  pure  microcrystalline  Sn  and  Sn/C  obtained  after 
5  min  of  milling,  whereas  the  dealloying  reaction  is  quite  similar  to 
Sn/C  obtained  after  5  min  of  milling.  The  alloying/dealloying 
mechanism  and  the  effect  of  alloying/dealloying  process  on  the 
structural  stability  of  nanocryalline  Sn/C  is  currently  under  inves¬ 
tigation  which  will  be  published  very  shortly.  Nevertheless,  the 
above  preliminary  results  clearly  suggest  that  the  presence  of 
graphite  as  a  buffer  matrix  significantly  improves  the  structural 
stability  of  the  Sn/C  with  respect  to  pure  Sn.  This  promising  result  is 
a  reflection  of  the  much  research  that  is  warranted  in  regards  to 
synthesizing  nanocomposites  exhibiting  high  strength,  high 
ductility  and  strong  interface  of  Sn  with  the  matrix.  The  result  also 
suggests  the  need  for  the  identification  of  suitable  binders  in  order 
to  improve  the  cyclability,  rate  capability  and  coulombic  efficiency 
of  Sn  based  electrodes  for  use  as  anodes  in  sodium  ion  batteries. 


4.  Conclusion 

In  recent  years,  sodium  ion  batteries  have  received  extensive 
interest  as  electrical  energy  storage  devices  due  to  its  more  abun¬ 
dance,  projected  economic  benefits,  higher  safety,  and  the  possible 
engineering  ease  in  comparison  to  the  hitherto  used  Li-ion 
batteries.  However,  significant  research  is  needed  to  be  per¬ 
formed  to  identify  improved  anode  and  cathode  materials  for  Na- 
ion  batteries  which  will  exhibit  high  specific  capacity,  low  1st 
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cycle  irreversible  loss,  excellent  coulombic  efficiency  and  cyclabil- 
ity.  In  this  regard,  the  present  study  has  been  devoted  to  identify 
a  suitable  negative  electrode  for  Na-ion  batteries  based  on 
a  homogeneous  mixture  of  nanocrystalline  tin  and  graphite  (Sn/C). 
Nanocrystalline  Sn/C  nanocomposite  of  nominal  composition  C- 
70  wt.%  Sn  has  been  synthesized  by  high  energy  mechanical  milling 
(HEMM)  of  pure  microcrystalline  Sn  and  graphite.  Pure  micro- 
cryalline  Sn  exhibits  a  1st  discharge  capacity  -856  mAh  g-1  due  to 
the  extensive  electrochemical  reaction  of  Na  ion  with  Sn  in  the  peak 
potential  of  -0.18  V,  -0.08  V  and  -0.033  V.  The  phase/s  forming 
corresponding  to  the  peak  potential  -0.18  V,  -0.08  V  and 
-0.033  V,  determined  from  the  associated  specific  capacity,  is  ex¬ 
pected  to  be  NaSn,  NagSn4  and  NaisSiLp  However,  pure  micro¬ 
crystalline  Sn  shows  a  rapid  fade  in  capacity  and  poor  capacity 
retention  due  to  the  large  volume  expansion  of  Sn  to  form  NaisSiLi 
(-400%).  On  the  other  hand,  nanocrystalline  Sn/C  nanocomposite 
with  a  crystallite  size  of  Sn  -  90  nm  shows  a  1  st  discharge  and  1  st 
charge  capacity  -584  mAh  g-1  and  -410  mAh  g-1,  respectively. 
The  nanocrystalline  Sn/C  mixture  generated  also  shows  improved 
capacity  retention  (0.7%  fade  in  capacity  per  cycle)  with  respect  to 
pure  Sn  indicating  its  promise  as  an  anode  for  Na-ion  batteries. 
Scanning  electron  microscopy  (SEM)  analysis  indicates  that  the 
structural  integrity  combined  with  microstructural  stability  of  the 
Sn/C  nanocomposite  during  the  alloying/dealloying  process  with 
sodium  appear  to  be  the  main  reasons  contributing  to  the  good 
cyclability  in  comparison  to  pure  Sn.  This  buffering  capacity  of 
graphite  is  expected  to  minimize  the  volume  expansion  related 
cracking  of  tin  enabling  its  use  as  anode  for  sodium  ion  batteries. 
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